Three novel strains of methylotrophic methanogens were isolated from Skan Bay, Alaska, by using anaerobic cultivation techniques. The water was 65 m deep at the sampling site. Strains AK-4 (=OCM 774), T (=OCM 775 T =DSM 17273 T ) and AK-9 (=OCM 793) were isolated from the sulfate-reducing zone of the sediments. Each of the strains was a non-motile coccus and occurred singly. Cells grew with trimethylamine as a catabolic substrate and strain AK-4 could also catabolize methanol. Yeast extract and trypticase peptones were not required for growth, but their addition to the culture medium slightly stimulated growth. Each of the strains grew at temperatures of 5-28 6C; they were slight halophiles and grew fastest in the neutral pH range. Analysis of the 16S rRNA gene sequences indicated that strain AK-4 was most closely related to Methanosarcina baltica. DNA-DNA hybridization studies showed 88 % relatedness, suggesting that strain AK-4 represents a novel strain within this species. Strains AK-5 T and AK-9 had identical 16S rRNA gene sequences that were most closely related to the sequence of Methanococcoides burtonii (99?8 % sequence similarity). DNA-DNA hybridization studies showed that strains AK-5 T and AK-9 are members of the same species (88 % relatedness value), but strain AK-5 T had a DNA-DNA relatedness value of only 55 % to Methanococcoides burtonii.
Biology Department, Portland State University, PO Box 751, Portland, OR 97207-0751, USA Three novel strains of methylotrophic methanogens were isolated from Skan Bay, Alaska, by using anaerobic cultivation techniques. The water was 65 m deep at the sampling site. Strains AK-4 (=OCM 774), T (=OCM 775 T =DSM 17273 T ) and AK-9 (=OCM 793) were isolated from the sulfate-reducing zone of the sediments. Each of the strains was a non-motile coccus and occurred singly. Cells grew with trimethylamine as a catabolic substrate and strain AK-4 could also catabolize methanol. Yeast extract and trypticase peptones were not required for growth, but their addition to the culture medium slightly stimulated growth. Each of the strains grew at temperatures of 5-28 6C; they were slight halophiles and grew fastest in the neutral pH range. Analysis of the 16S rRNA gene sequences indicated that strain AK-4 was most closely related to Methanosarcina baltica. DNA-DNA hybridization studies showed 88 % relatedness, suggesting that strain AK-4 represents a novel strain within this species. Strains AK-5 T and AK-9 had identical 16S rRNA gene sequences that were most closely related to the sequence of Methanococcoides burtonii (99?8 % sequence similarity). DNA-DNA hybridization studies showed that strains AK-5 T and AK-9 are members of the same species (88 % relatedness value), but strain AK-5 T had a DNA-DNA relatedness value of only 55 % to Methanococcoides burtonii.
This indicates that strains AK-5
T and AK-9 should be considered as members of a novel species in the genus Methanococcoides. We propose the name Methanococcoides alaskense sp. nov., with strain AK-5 T (=OCM 775 T =DSM 17273 T ) as the type strain.
In the marine environment, sulfate reduction is the dominant microbial process in the upper sediment layers. Generally, when sulfate is present, sulfate reduction is the major catabolic process and methanogenesis is limited. Because of their higher affinity for hydrogen and acetate, sulfate-reducing bacteria out-compete methanogens for these important substrates (King et al., 1983; King, 1984; Oremland & Taylor, 1978) . As a result, methanogenesis becomes a dominant process only in deeper sediments in which the sulfate ions have been exhausted. The limited methane production that occurs together with sulfate reduction is due to the activity of methylotrophic methanogens (King, 1984; Oremland & Taylor, 1978; Oremland & Polcin, 1982) .
Methanogens that belong to the family Methanosarcinaceae are characterized as having the broadest substrate range of methanogens; many can grow by reducing CO 2 with H 2 or by the splitting of acetate and all can grow by dismutating methyl compounds (Kendall & Boone, 2004 (Barker, 1936; Bryant & Boone, 1987; Mah & Kuhn, 1984; Zhilina & Zavarzin, 1987; Zinder et al., 1985) and other species of this genus have been isolated from various sediment environments, including marine and estuarine sediments (Elberson & Sowers, 1997; Lyimo et al., 2000; Ni & Boone, 1991; Simankova et al., 2001; Sowers et al., 1984; von Klein et al., 2002) . Also, Methanosarcina barkeri strain CM1 has been isolated from sheep rumen (Jarvis et al., 2000) .
The genus Methanococcoides currently contains two species, both from environments with salinity near that of sea water.
Methanococcoides methylutens was isolated from submarine canyon sediments that contained large deposits of organic material off the coast of southern California (Sowers & Ferry, 1983) and Methanococcoides burtonii was obtained from the anoxic hypolimnion of Ace Lake, Antarctica (Franzmann et al., 1992) .
These organisms can dismutate methylamines and methanol for growth but cannot catabolize acetate, dimethylsulfide, H 2 /CO 2 or formate.
We describe three strains of methylotrophic methanogens that have been isolated from the sulfate-reducing zone in the sediments of Skan Bay, Alaska. Strain AK-4 was most closely related to Methanosarcina baltica and an emended description of Methanosarcina baltica is presented incorporating the phenotypic characteristics of this novel strain. Strains AK-5 T and AK-9 were most closely related to Methanococcoides burtonii and we propose a novel species, Methanococcoides alaskense, with strain AK-5 T (=OCM 775 T =DSM 17273 T ) as the type strain.
Source of inoculum, enrichment and purification
All strains described here were isolated from sediment samples collected from Skan Bay, Alaska (57 u N 167 u W). Skan Bay lies on the north-west side of Unalaska Island in the Aleutian Island chain. Skan Bay was chosen as the study site because of its accessibility and its similarity (in temperature, pH and salinity) to deep-ocean sediments. Skan Bay is 65 m deep at the sampling site and the temperature of the sediment remains between 1 and 6 u C year-round. The sediments are permanently anoxic below the top centimetre and sulfate is depleted about 45 cm below the sedimentwater interface (Reeburgh, 1980) . Large amounts of organic matter are present, sedimented from diatoms and kelp. The sediment samples were collected with a multi-corer (Ocean Instruments) and samples from various depths (2-7 cm ranges) were immediately sealed in cans (while excluding air and gas) and stored at 4 uC during transport to the laboratory.
The anaerobic culture techniques of Hungate (1966) , as modified by Sowers & Noll (1995) , were used in this study. MSH enrichment medium (Ni & Boone, 1991) was used as the basal medium for characterization of the strains. The medium was prepared at pH 7?0 with a gas phase mixture of N 2 and CO 2 (7 : 3). The salinity of the medium was 0?2 M for growth of strain AK-9 and 0?3 M for growth of strains AK-5 T and AK-4.
A 1 g sample from the interval taken 32-39 cm deep in the sediment was inoculated into MSH enrichment medium (pH 7) containing 20 mM trimethylamine (TMA) as catabolic substrate. Another enrichment culture was inoculated with 1 g sediment collected from the interval 39-41 cm deep. Each of these suspensions was mixed, serially diluted and then the serial dilutions were inoculated into MSH enrichment medium with 20 mM TMA. All of the tubes were incubated at 15 uC and the cultures were screened periodically for methanogenesis by analysing a sample of the headspace gas (Maestrojuán & Boone, 1991) . From each of the dilution series, the 10 23 culture [inoculated with the equivalent of 1 mg (wet weight) sediment] was the enrichment culture of highest dilution that produced methane. These cultures produced detectable methane after 4 weeks incubation and methanogenesis was complete after 16 weeks. No enrichments of higher dilution produced methane, even after 24 weeks of incubation.
Each culture isolated in this way was subjected to a second roll-tube isolation in order to ensure the purity of each strain. The purity of the cultures was checked microscopically and by ensuring that only a single colony type was seen in roll-tube media. Three pure cultures were obtained and named AK-4 (=OCM 774), AK-5 T (=OCM 775 T ) and AK-9 (=OCM 793).
Morphology
Cells in the late-exponential growth phase were fixed directly in culture medium by adding an equal volume of 5 % glutaraldehyde. Cells were fixed for 30 min at 4 u C and then collected by centrifugation. Cells were then fixed for 30 min in cacodylate buffer (pH 7?2) containing 1 % osmium tetroxide. The cells were dehydrated in an ethanol series and embedded in low-viscosity epoxy resin for sectioning. Ultrathin sections were post-stained with uranyl acetate and lead citrate and viewed with a transmission electron microscope (EM-10CA; Zeiss).
Strain AK-4 formed colonies only after 60 days incubation at which time the surface colonies were about 1 mm in diameter, yellow, circular and concave. Cells were 2-3 mm in diameter, highly irregular coccoids that occurred singly and lacked flagella or pili (Fig. 1) . The cells stained Gramnegative, were autofluorescent and lysed under alkaline conditions or after treatment with SDS, indicating a proteinaceous cell wall.
Surface colonies of strain AK-5 T were smaller than 1 mm after 45 days incubation, white, circular and concave with sharp edges. Typical cells were 1?5-2?0 mm in diameter, irregularly coccoid and occurred singly. The cells were autofluorescent and stained Gram-negative. The cells were non-motile and no flagella were seen by electron microscopy. Electron micrographs showed the presence of pili covering the cell surface (Fig. 2a) . Some cells also contained long rod-like structures with tubular subunits (Fig. 2c) . Similar bodies have been reported close to the origin of the flagella in Pyrococcus furiosus (Fiala & Stetter, 1986) ; however, the exact nature of these structures is not known. Many cells also contained electron-dense, dark inclusions (Fig. 2b) . The cells were lysed by SDS, indicating a proteinaceous cell wall.
Surface colonies of strain AK-9 were 1 mm after 45 days incubation. Colonies were circular, white to yellow and concave. Typical cells were 1-1?5 mm in diameter, irregularly coccoid and occurred singly. They were autofluorescent, non-motile and stained Gram-negative. The cells were susceptible to lysis by detergent. Although no motility was observed during microscopic examination of wet-mounts, the electron micrographs usually showed the presence of two appendages per cell that appeared to be flagella (Fig. 3b) . Internal structures of electron-dense regions were seen in cells, but the nature of these cellular inclusions is unknown (Fig. 3a) .
Growth characteristics
Growth was estimated from the accumulation of methane in the headspace gas, as measured by GC (Maestrojuán & Boone, 1991) and taking into account the methane produced during the growth of the inoculum (Powell, 1983) . The specific growth rate was calculated by fitting the Gompertz equation (Zwietering et al., 1990) to these data. The optimal temperature for growth was determined from the specific growth rates of cultures incubated at various temperatures. We fitted the square-root equation (Powell, 1983; Ratkowsky et al., 1983) to these data in order to obtain the maximum specific growth rate. All growth rate experiments were performed in triplicate.
Each strain grew between 5 and 25 u C, with fastest growth at 20-25 u C, but no growth at above 30?6 u C (see Supplementary Figs S1a and S2a in IJSEM Online). As indicated by the square-root equation (Ratkowsky et al., 1983) , strain AK-4 grew optimally at 21 uC, the minimum temperature was 22?3 uC and the maximum temperature was 28?4 uC. Strain AK-5
T grew fastest at 23?6 u C, the minimum growth temperature was 22?3 u C and the maximum temperature was 30?6 u C. Strain AK-9 grew optimally at 26?0 u C and the minimum and maximum temperatures for growth were 210?7 and 30?1 u C, respectively. The growth rate of AK-9 was faster than that of AK-5 T . Strain AK-4 showed the slowest growth of the three strains. Strains AK-5 T , AK-9 and AK-4 grew fastest at Na + concentrations slightly below that of sea water (0?3 and 0?4 M). Cells grew in the range 0?1-0?7 M Na + for strains AK-5 T and AK-4 and at 0?1-0?8 M Na + for strain AK-9 (see Supplementary Figs S1b and S2b in IJSEM Online). Growth occurred in the pH range 6?3-7?5 for all three strains, but not at pH 6?0 or 8?0 (see Supplementary Figs S1c and S2c in IJSEM Online).
The catabolic ranges of all strains were determined by adding (in separate tests) 160 mM formate, 40 mM acetate, 40 mM methanol, 25 mM TMA, 5 mM dimethylsulfide or 1 atm H 2 to the basal medium for each strain. When a given substrate did not support methanogenesis, possible inhibition was tested by inoculating the culture into culture medium containing that substrate plus 5 mM TMA (on which each strain could grow). The production of methane from cultures with TMA plus another substrate was taken to indicate that the other substrate was not inhibitory.
Each of the three strains grew with TMA as the catabolic substrate. Only strain AK-4 grew on methanol as the catabolic substrate. This is the first report of methyltrophic methanogens that can not grow on methanol, although Methanohalobium evestigatum can grow on low concentrations of methanol (Boone et al., 1993) . None of the strains could catabolize acetate, dimethylsulfide, formate or hydrogen.
All strains grew in MSH medium with TMA as the sole organic substrate. Although the strains did not require growth factors, specific growth rates increased when yeast extract and peptone (0?05-0?2 % final concentration) were added to the medium.
Phylogenetic analysis
The 16S rRNA gene sequences were determined after extraction of DNA from cell pellets of pure cultures of strains AK-4, AK-5 T and AK-9. DNA was extracted by using QIAamp DNA mini kit procedures (Qiagen). DNA for determination of base composition and for DNA-DNA hybridization experiments was extracted and purified by a modified method of Marmur (1961) . Cells were lysed hypotonically and the lysate was mixed with chloroform/ isoamyl alcohol to denature and remove proteins. DNA was extracted into the aqueous phase and then precipitated by mixing 1 : 1 with cold 95 % (v/v) ethanol. The DNA was spooled onto a glass rod and dissolved into standard saline citrate solution (SSC; 0?15 M NaCl and 0?015 M trisodium citrate, pH 7?0). The 16S rRNA gene was amplified by PCR from genomic DNA by using the archaea-specific primer 4F (59-TCCGGTTGATCCTGCCRG-39) and the universal primer 1492R (59-GGTTACCTTGTTACGACTT-39). Reactions contained 1?5 mM MgCl 2 , 50 mM KCl, 30 mM Tris/ HCl, 12?5 mM dATP, dGTP, dCTP and dTTP, 1 U Taq polymerase (USB Corporation), 20 pmol of each primer and approximately 100 ng DNA. The reactions were incubated under the following conditions: initial denaturation at 94 uC for 5 min, 35 cycles of primer annealing at 50 uC for 30 s, extension at 72 uC for 90 s and denaturing at 94 uC for 30 s; the final extension was at 72 u C for 10 min. PCR products were purified by using an UltraClean PCR Cleanup DNA purification kit (MoBio Laboratories). The purified products from strains AK-4, AK-5
T and AK-9 were used as the templates for sequencing. Sequencing reactions were performed with the ABI PRISM Big Dye Terminator Cycle Sequencing kit and an ABI 310 Genetic Analyzer (Applied Biosystems). The almost-complete sequences of both strands were obtained by using the primers 4F (described above), 515F (59-GTGCCAGCMGCCCGCGGTAA-39), 765F (59-TAGATACCCSSGTAGTCC-39 with S=C or G), 906F (59-GAAACTTAAAKGAATTG-39 with K=G or T), 1100F (59-GGCAACGAGCGMGACCC-39 with M=A or C), 1492R (described above), 1391R (59-GACGGGCGGTGTGT-RCA-39 with R=A or G), 1098RA (59-GGGTCTCGCTCGT-TSCC-39), 907R (59-GTGCCAGCMGCCGCGGTAA-39 with M=A or C) and 609R (59-TCTACGCATTCACC-39) to produce an overlapping set of sequences that were assembled into one contiguous sequence by using the AutoAssembler Program (Applied Biosystems). The sequences were manually aligned to related sequences of described methanogens obtained from GenBank and to strain FRX-1, a methylotrophic methanogen that we isolated from Lake Fryxell, Antarctica (unpublished data). Only homologous nucleotides were included in the phylogenetic analysis. Secondary structures were used as a guide to ensure correct alignment and that homologous regions were compared. Filters were used to exclude highly variable positions. The phylogenetic relationships were determined by using maximum-likelihood analysis using the HKY-85 model of evolution in PAUP* (Swofford, 2002) . A bootstrap analysis was performed by using 1000 trial replications to provide confidence estimates for tree topologies.
Analysis of the 16S rRNA gene sequences revealed that the sequence of strain AK-4 had a similarity of 99?5 % to that of Methanosarcina baltica. No other 16S rRNA gene sequences of established species showed more than 97 % similarity to that of strain AK-4. The 16S rRNA gene sequences of strains T and AK-9 were identical and were 99?8 % similar to the sequence of the type strain of Methanococcoides burtonii. An evolutionary tree based on the maximum-likelihoodgenerated comparison of the 16S rRNA gene sequences is shown in Fig. 4 .
DNA base composition
The genomic DNA G+C content was calculated by using the thermal denaturation method developed by Marmur & Doty (1962) . The DNA melting temperature (T m ) for each of the isolates was determined by thermal denaturation in 16 SSC buffer with a UV spectrophotometer (Varian Cary). Escherichia coli ATCC 1174, with a T m of 51?7 uC (Starr & Mandel, 1968) , was used as the standard during each determination. The T m value was then substituted in the Sly equation (Sly et al., 1986) to calculate the DNA G+C content.
The T m values for strains AK-4, AK-5 T and AK-9 were 89?1, 91 and 90 u C, respectively, which correspond to DNA G+C contents of 37?3, 41?9 and 39?5 mol%, respectively.
DNA-DNA hybridization
DNA-DNA hybridization values were determined quantitatively with the method described by De Ley et al. (1970) . The DNA to be tested was diluted to a final concentration of 50 mg ml 21 (Huß et al., 1983) in 16 SSC buffer. DNA was fragmented to 700 bp by sonication (Microson XL 2000; Misonix) for 2 min. The fragment size was verified by electrophoresis and by comparison with a 1 kb ladder (Invitrogen).
DNA-DNA relatedness between strain AK-4 and Methanosarcina baltica GS1-A T was 88 % and thus strain AK-4 should be classified as a reference strain of Methanosarcina baltica.
DNA-DNA hybridization tests indicated a DNA-DNA relatedness value of 55 % between strain AK-5 T and its closest relative, Methanococcoides burtonii DSM 6242
T . This suggests that strain AK-5 T should not be classified as a member of this species if it can be distinguished by phenotypic traits (Wayne et al., 1987) . DNA-DNA relatedness values of 88 % between strain AK-5 T and strain AK-9 suggest that these strains belong together as members of the same species.
Comparisons with related species
On the basis of DNA-DNA relatedness and 16S rRNA gene sequence analysis, strain AK-4 was assigned as a member of the psychrophilic, methanogenic species Methanosarcina baltica. However, strain AK-4 possesses unique phenotypic properties compared with the Methanosarcina baltica type strain, GS1-A T (Table 1 ). Methanosarcina baltica GS1-A T can utilize TMA, methanol and acetate as substrate, but strain AK-4 can only use TMA and methanol. Morphologically, the strains are both highly irregular cocci, but Methanosarcina baltica GS1-A T has flagella and occurs mainly singly or as diploids; strain AK-4 has no flagella and occurs both singly and as pseudosarcinae. The optimum pH for Methanosarcina baltica GS1-A T is 6?5, whereas that for strain AK-4 is 7?2. In addition, strain AK-4 grows over a broader Na + range, from 0?1 to 0?7 M Na + .
The 16S rRNA gene sequences of strains AK-5 T and AK-9 were identical to each other and the DNA-DNA relatedness value, determined by DNA-DNA hybridization, was 88 %. Strains AK-5 T and AK-9 were phenotypically similar and it is clear that the strains represent a single species. 16S rRNA gene sequence analysis indicated that the strains belong within the genus Methanococcoides and their closest relative is Methanococcoides burtonii. The DNA-DNA relatedness value between strain AK-5 T and the type strain of Methanococcoides burtonii was only 56 %, indicating that strains AK-5 T and AK-9 represent a separate species. As strains AK-5 T and AK-9 were phenotypically distinct from Methanococcoides burtonii (Table 1) , we propose that they represent a novel species, Methanococcoides alaskense sp. nov., with strain AK-5 T as the type strain. Methanococcoides alaskense (a.las9ken.se. N.L. neut. adj. alaskense referring to Skan Bay, Alaska, from where the type strain was isolated).
Irregular cocci 1?5-2?0 mm in diameter, occurring singly. Non-motile. Pili are present. TMA serves as catabolic substrate with methane as the product. Methanol, acetate, dimethylsulfide, formate and hydrogen are not used as catabolic substrate. TMA serves as sole organic substrate. Fastest growth occurs at 23?6 uC, with salinity between 0?3 and 0?4 M and a pH of 6?3-7?5.
The type strain, AK-5 T (=OCM 775 T =DSM 17273 T ), was isolated from permanently cold, anoxic marine sediments at Skan Bay, Alaska. Strain AK-9 (=OCM 793) is a reference strain. *The square-root equation (Ratkowsky et al., 1983) was applied to the data of von Klein et al. (2002) to determine the minimum, optimum and maximum temperatures for growth for Methanosarcina baltica.
